Correlated magnetic noise from Schumann resonances threatens to contaminate the observation of a stochastic gravitational-wave background in interferometric detectors. In previous work, we reported on the first effort to eliminate global correlated noise from the Schumann resonances using Wiener filtering, demonstrating as much as a factor of two reduction in the coherence between magnetometers on different continents. In this work, we present results from dedicated magnetometer measurements at the Virgo and KAGRA sites, which are the first results for subtraction using data from gravitational-wave detector sites. We compare these measurements to a growing network of permanent magnetometer stations, including at the LIGO sites. We show how dedicated measurements can reduce coherence to a level consistent with uncorrelated noise. We also show the effect of mutual magnetometer attraction, arguing that magnetometers should be placed at least one meter from one another.
I. INTRODUCTION
A detection of a stochastic gravitational-wave background (SGWB) would be a significant result for gravitational-wave astronomy, having far-reaching implications for cosmology and astrophysics. One potential method for detecting a SGWB is to use a network of ground-based, second-generation interferometric gravitational-wave detectors, which currently consists of Advanced LIGO [1] and Advanced Virgo [2] . A SGWB from compact binary coalescences is potentially detectable by the time second-generation detectors reach design sensitivity [3] . Backgrounds from pulsars, magnetars, core-collapse supernovae, and various physical processes in the early universe are all possible as well [4] [5] [6] , but their expected amplitudes are not as well constrained as the expected background due to compact binary coalescences. The potential for the contamination of searches for a SGWB is strong due to potential correlated environmental noise between detectors [5, [7] [8] [9] [10] [11] , which would result in a systematic error in the searches. A related concern exists in searches for transient sources of gravitational waves, such as due to correlated magnetic transients from storms [12] .
One such source of correlated noise is global electromagnetic fields such as the Schumann resonances [13] , which induce forces on magnets or magnetically susceptible materials in the test-mass suspension system. Schumann resonances arise in the Earth-ionosphere waveguide from the tiny attenuation of extremely low frequency electromagnetic waves. The broadly peaked Schumann resonances at 8, 14, 21, 27, and 32 Hz are potentially problematic for the SGWB searches. The power spectral density (PSD) showing these features from magnetometer data for the sites of interest in this analysis are shown in Figure 1 . While the primary peak is below the seismic wall of the gravitational-wave detectors at 10 Hz and therefore will not affect sensitivity for current detectors, the secondary and tertiary harmonics at 14 Hz and 20 Hz respectively could be limiting noise sources.
In previous work, we carried out a demonstration of Wiener filtering with a goal of reducing the coherence between widely separated magnetometers (serving as proxies for gravitational-wave detectors) [14] . We used previously deployed magnetometers, which allowed us access to instruments with superb sensitivity, located in very magnetically quiet locations. In addition, at Virgo, a temporary station was created at Villa Cristina, which is a magnetically quiet site 12.72 km southwest from Virgo. In that paper, we argued that it would be beneficial to measure the coherence between quiet magnetometers stationed near gravitational-wave detectors. In this present analysis, we use these magnetometers in addition to dedicated measurements at the gravitational-wave detectors to perform subtraction with realistic levels of local magnetic noise of correlated magnetic noise in gravitational-wave detectors. In the following, we use these magnetometers as a proxy for a gravitational-wave interferometer strain channel. We show that magnetic correlations are significant over the entire Schumann band. We also demonstrate that using co-located and co-aligned magnetometers results in cleaned data consistent with noise. 
II. MAGNETOMETER STATIONS
In this study, we use a variety of permanent and temporary extremely low frequency (ELF) magnetometer installations ( kilometers between the pairs. For example, for the Virgo network, the distances between this sensor and the witness sensors are approximately 1100 km for Poland Hylaty, and 8700 km for Colorado Hugo, and 13,100 km for Patagonia. Figure 3 shows the location on the individual sites for the magnetometers relative to the interferometer vertex for the LIGO and Virgo detectors, and relative to the planned location for KAGRA.
III. COHERENCE MEASUREMENTS
We begin by characterizing the level of correlation between magnetometers, which will be important for the efficacy of possible subtraction using Wiener filtering. One metric for measuring the correlation between magnetometers is the coherence c(f )
wheres 1 (f ) ands 2 (f ) are the Fourier transforms of the two channels, and * indicates complex conjugation. Figure 4 shows the coherence of the North-South Poland, North-South Colorado, Villa
Cristina, and one of the KAGRA magnetometers with another of the KAGRA magnetometers. Clear peaks are visible in all pairs. The two spatially co-located and co-aligned KAGRA Figure 6 , where the first six Schumann peaks can be seen. The figure also shows a spectrum taken at Villa Cristina from the temporary measurement described previously (green line), which emphasizes the substantial difference between the two sites. The difference is maximized below 10 Hz, mainly due to the distinctive natural/anthropogenic seismic activity of the locations. In addition, there are spectral features still to be better understood, which could be related to the data acquisition system or to nearby power lines.
We also give an example of the type of undesirable transient features that can be found in the Virgo magnetometers. Some of the most common ones are caused by nearby storms or seismic activity in the surrounding area; others may result from probe failures or bad tuning. An example of the latter is a characteristic V-shape in time-frequency plots, and can be found in Figure 6 . We suspect that the "chopper mode" feature of the Virgo magnetometers, which uses a free-running local oscillator whose frequency could be temperature dependent, is the cause, because the features are evident 2-4 times per day during daylight hours. In addition, its intensity changes between instances. It is likely this can be mitigated by switching off the chopper mode, although this solution will likely result in some loss of magnetometer sensitivity.
V. WIENER FILTERING
Wiener filtering relies on using the correlation of "target" and "witness" sensors, and witness sensors amongst one another, to remove noise common to the time series. Sensors that have noise that is desired to be reduced are known as "target" sensors, which in this study are magnetometers but could be a gravitational-wave strain channel, for example. The sensors that contain noise seen in the target sensor that are used for subtraction purposes are known as "witness" sensors. We first use a Wiener filter to reduce a magnetometer's auto power spectral density. We then determine the level of reduction of correlated noise in two magnetometers, which is important for SGWB searches. We made an attempt at global In the second example, we compute the ratio of the auto power spectral density before and after Wiener filter subtraction using the Villa Cristina magnetometer as the target sensor. We show subtraction using only the sensor with the highest coherence in each frequency bin as well as using all available sensors as witnesses, which shows improvement.
magnetometer subtraction in [14] , predominantly using previously deployed magnetometers to construct a toy-model gravitational-wave network. In this analysis, with the previously deployed magnetometers and dedicated on-site measurements, we provide results we can expect for on-site magnetometer based subtraction with a realistic network of magnetometers.
In our previous study [14] , we argued that it would be beneficial to measure the coherence between quiet magnetometers stationed near gravitational-wave detectors. In this analysis, we use these magnetometers, in addition to dedicated measurements at the gravitationalwave detectors, to perform subtraction with realistic levels of local magnetic noise of correlated magnetic noise in gravitational-wave detectors. Figure 7 shows the ratio of the auto power spectral density before and after Wiener filter subtraction using a few different target and witness sensors. For the first example, one KAGRA magnetometer is used as the target Using the entire network improves the subtraction by about 10% above and beyond using the best channel only. This result adds evidence to the notion that magnetic correlations are significant over the entire Schumann band.
We now compute the correlation between magnetometers, both before and after Wiener filter subtraction, which is the metric most appropriate for searches for a SGWB. We can use the available magnetometers as a proxy for a 2-detector gravitational-wave interferometer network. In Figure 8 , we show the coherence between the pairs of magnetometers we consider in this analysis. On the left is the coherence between the KAGRA and Villa Cristina magnetometers before and after the subtraction to measure the effect that the Wiener filtering has had on the correlations. For the KAGRA network, one KAGRA magnetometer is used as the target sensor while the second KAGRA magnetometer is the witness sensor. Hanford network, we use the orthogonal sensor, LIGO Livingston, and Colorado Hugo. We achieve a reduction in coherence of about 60%. In this case, some residual coherence visibly remains, mostly due to the distances between the target and witness sensors in the Virgo network.
VI. CONCLUSION
In this paper, we have described magnetometer measurements at various gravitationalwave detector sites. We computed optimal filters to perform subtraction between magnetometers. We achieved subtraction near the level expected from an uncorrelated time series.
This shows that magnetometers near to the interferometers can effectively subtract magnetic noise with Wiener filtering. Going forward, it will be important to compute magnetometer correlations with gravitational-wave detector data in order to measure the effect from the Schumann resonances. From there, subtraction using magnetometers can be performed.
Bayesian techniques that aim to separate magnetic contamination from gravitational-wave signals in cross-correlation search statistics are also being developed in parallel to those pre-14 sented in this paper. It is important to approach the issue of magnetic contamination with many different methods as it promises to be a significant problem for cross-correlation-based SGWB searches in the future. 
